Mast cell leukemia (MCL), the leukemic manifestation of systemic mastocytosis (SM), is characterized by leukemic expansion of immature mast cells (MCs) in the bone marrow (BM) and other internal organs; and a poor prognosis. In a subset of patients, circulating MCs are detectable. A major differential diagnosis to MCL is myelomastocytic leukemia (MML). Although criteria for both MCL and MML have been published, several questions remain concerning terminologies and subvariants. To discuss open issues, the EU/US-consensus group and the European Competence Network on Mastocytosis (ECNM) launched a series of meetings and workshops in 2011-2013. Resulting discussions and outcomes are provided in this article. The group recommends that MML be recognized as a distinct condition defined by mastocytic differentiation in advanced myeloid neoplasms without evidence of SM. The group also proposes that MCL be divided into acute MCL and chronic MCL, based on the presence or absence of C-Findings. In addition, a primary (de novo) form of MCL should be separated from secondary MCL that typically develops in the presence of a known antecedent MC neoplasm, usually aggressive SM (ASM) or MC sarcoma. For MCL, an imminent prephase is also proposed. This prephase represents ASM with rapid progression and 5%-19% MCs in BM smears, which is generally accepted to be of prognostic significance. We recommend that this condition be termed ASM in transformation to MCL (ASM-t). The refined classification of MCL fits within and extends the current WHO classification; and should improve prognostication and patient selection in practice as well as in clinical trials.
introduction
The proposal of the World Health Organization (WHO) divides systemic mastocytosis (SM) into indolent SM (ISM), SM with an associated hematopoietic non-mast cell (MC) lineage disease (SM-AHNMD), aggressive SM (ASM) and MC leukemia (MCL) [1] [2] [3] [4] . A number of studies have confirmed the prognostic significance of this classification [5] [6] [7] [8] . Patients with MCL are characterized by leukemic expansion of MCs in the bone marrow (BM) and other organ systems [1] [2] [3] [4] [9] [10] [11] [12] . In a subgroup of patients, circulating MCs are detected. In the classical 'leukemic' variant of MCL, MCs comprise at least 10% of all nucleated blood cells [9] [10] [11] [12] . In the 'aleukemic' variant of MCL, circulating MCs account for <10% [1] [2] [3] [4] 13] . In both groups of patients, MCs represent at least 20% of all nucleated cells on BM smears, which remains the primary diagnostic criterion of MCL [1] [2] [3] [4] [5] .
MCs in MCL are usually immature, sometimes with bi-or multi-lobed nuclei, also termed promastocytes [5] . Metachromatic blasts are also found in these patients. In a very few patients with MCL, more mature forms represent the predominant type of MCs on BM smears. The phenotype of MCs in MCL is similar to that found in patients with ASM [1-4, 10, 14-16] . Notably, MCs in MCL usually express CD9, CD25, CD33, CD44 and CD117 (KIT) [1] [2] [3] [4] [14] [15] [16] . The CD2 antigen (LFA-2) may also be detected on MCs in MCL [10] . However, the percentage of 'CD2-positive' cases is low, and if detected, the levels of CD2 on MCs are usually lower in MCL compared with ISM, suggesting that CD2 expression decreases during malignant progression [14] [15] [16] [17] [18] . Tryptase and FcεRI expression may also be decreased in MCs in MCL.
Other markers, like CD52, HLA-DR or CD123, may be expressed at higher levels on MCs in MCL compared with ISM [15, 16] . The Ki-1 antigen (CD30) is usually also expressed more abundantly in MCs in MCL [19, 20] . However, in contrast to CD52, the difference in CD30 expression is only seen in the cytoplasm, but not on the surface of neoplastic MCs [19] [20] [21] .
With regard to genetic abnormalities, the molecular biology of MCL is similar to that of other SM variants. In many cases, the KIT mutation D816V is detectable in neoplastic cells. However, in contrast to ISM, the frequency of this mutation is lower in MCL (typical ISM: >90% of patients versus MCL: 50%-80% of cases). MCs in patients with MCL may also exhibit other mutations at codon 816 of KIT or mutations in other critical regions of KIT [22] [23] [24] [25] [26] [27] . In a subset of patients with MCL, no KIT mutations are found [12, 24] .
Despite the rarity of the condition, MCL is known to manifest in different forms and variants. Apart from the abovementioned 'leukemic' and 'aleukemic' variants of MCL, the following aspects reflect disease heterogeneity. First, MCL may or may not present with an AHNMD, often in the form of acute myeloid leukemia (AML) [28] [29] [30] . These cases (MCL-AML) exhibit a substantial increase (>20%) in myeloblasts and have to be distinguished from patients with myelomastocytic leukemia (MML) where an AML may also be diagnosed, but criteria to diagnose SM are not met. In patients with MCL, a prephase of ASM or MC sarcoma may or may not be recognized [31, 32] . Finally, whereas the course of MCL is usually aggressive, a few patients with MCL present with a more indolent, stable clinical course, sometimes even without C-Findings in the initial phase.
As has been stated, an important differential diagnosis to MCL is MML [33] [34] [35] . In these MML patients, an underlying advanced myeloid neoplasm (usually with a blast cell excess) is found and is accompanied by a leukemic spread of immature atypical MCs. The criteria to diagnose SM and thus MCL are not fulfilled [33] [34] [35] . By definition, MCs in MML account for at least 10% of all nucleated cells in BM or peripheral blood smears [33] [34] [35] . In other patients with advanced myeloid neoplasms, MCs also represent a significant population of neoplastic cells, but criteria to diagnose MML are not met (<10% MCs).
All in all, several open questions remain concerning the diagnosis and classification of MCL and MML. To address these questions, the EU/US consensus group and the European Competence Network on Mastocytosis (ECNM) were involved in a series of collaborative meetings and workshops in the years 2011, 2012 and 2013. Outcomes from these discussions and resulting consensus statements are provided in this article.
basic definitions and diagnostic criteria to separate MCL from MML Based on generally accepted criteria, MCL is defined by (i) SM criteria, namely at least one major and one minor or at least three minor SM criteria and (ii) the presence of at least 20% MCs on BM smears [1] [2] [3] [4] . Most patients with MCL present with the major SM criterion, namely multifocal sheets and clusters of MCs in BM sections; and in a subgroup of patients, circulating MCs are detectable. If <10% of circulating leukocytes are MCs or no MCs are detected in the blood, the diagnosis is 'aleukemic MCL' [1] [2] [3] [4] . Clinical signs and symptoms of organ damage caused by MC infiltration (C-Findings) are usually present. In addition, mediator-related symptoms are often recorded. In most MCL patients, the serum tryptase levels are markedly elevated (>200 ng/ml, often >500 ng/ml) and may increase rapidly (Table 1 ). MCL may involve several different organ systems. Organ damage is usually found at diagnosis or develops within a short time. Splenomegaly may be present or develops over time. The skin is the only organ spared in MCL. Thus, in the vast majority of MCL cases, no typical maculopapular skin lesions are identified. However, these patients may still experience MC mediator-related skin symptoms such as flushing.
Myelomastocytic leukemia (MML) is a term applied to advanced myeloid (non-MC) neoplasms in which MC differentiation is prominent, but SM criteria are not fulfilled, thereby distinguishing MML from MCL [33, 35] . These patients may suffer from an advanced myelodysplastic syndrome (MDS), usually refractory anemia with an excess of blasts, AML, an accelerated phase of a myeloproliferative neoplasm (MPN) with or without eosinophilia or an MDS/MPN overlap syndrome [33] [34] [35] [36] [37] . In MML, MCs comprise at least 10% of all nucleated cells in peripheral blood or/and BM smears. Leukemic MCs in MML are usually immature or are recognized as metachromatic blasts with very low expression of cytoplasmic enzymes (tryptase) and absent or low surface FcεRI. Peripheral blood and BM cells exhibit major signs of dysplasia [33] [34] [35] [36] [37] . The major diagnostic criterion of SM (aggregates of >15 MCs in tissue sections) is absent in MML, although a diffuse interstitial increase in MCs is noted. In a vast majority of cases, a complex karyotype is found [33] [34] [35] [36] [37] . A KIT mutation may also be detected in these patients (PV, unpublished observation), but codon 816-mutations are typically not detectable in MML [34, 35] . However, MCs in MML may exhibit other clonal lesions typically found in the underlying myeloid neoplasm [33] [34] [35] [36] [37] . As in MCL, skin lesions are usually absent. Splenomegaly is found at diagnosis in most MML patients [33] [34] [35] [36] [37] . In addition, patients with MML often suffer from mediator-related symptoms or a coagulation disorder associated with major episodes of blood loss [37] . The serum tryptase level is also elevated in MML, but is usually below 100 ng/ml (often <50 ng/ml). Table 1 shows typical features of MML and MCL.
To date, the WHO has not recognized MML as a separate entity in their classification proposal. We consider this an important open issue, since these cases and similar conditions are often called 'unclassifiable' or 'not met by WHO criteria'. Therefore, we propose that the WHO should consider the inclusion of MML (as subtype of transformed MDS/AML) in their next update. An important justification is that some of these cases may easily be confused with (acute) basophilic leukemia. Therefore, the diagnosis of MML should be based on a thorough histopathological and immunophenotypic analysis of affected cells [33] [34] [35] [36] [37] . An overview of differential diagnoses to MCL and MML is shown in Table 2 .
staging and grading investigations recommended in patients with MCL and MML
A thorough investigation of the BM remains the key to a correct diagnosis in patients with suspected MCL or MML. Both biopsy material and the aspirate are required to establish a correct diagnosis [1] [2] [3] [4] [5] 38] . The biopsy material must undergo a detailed histomorphological, cytochemical and immunohistochemical investigation (see section below). The aspirate smear must be examined for the presence, numbers ( percentage) and morphology of MCs, and this analysis is to be carried out at a fair distance from any BM particles or larger cell aggregates [5, 38] . In all patients, the BM aspirate undergoes a detailed cytogenetic analysis, including fluorescence in situ hybridization (FISH), flow cytometry and molecular studies [1] [2] [3] [4] 38] . The FISH panel should cover major lesions detectable in MDS and secondary AML. Flow cytometry analysis should be carried out according to guidelines provided by the Spanish Network on Mastocytosis (REMA) [39] . Molecular studies should include an 'MDS and AML panel' (major lesions otherwise found in MDS or AML without SM) as well as a mutation analysis of KIT [22, 38] . In a first step, a screen for KIT codon 816 mutations is sufficient [38] . If this analysis is negative, sequencing of the entire KIT gene should be considered. This is of importance in patients with advanced SM and MCL/MML, since several mutations outside of codon 816 may generate kinases that are responsive to treatment with imatinib and/or other KIT-targeting tyrosine kinase inhibitors (TKIs).
For the future, additional assays should be considered in order to define mutation profiles, amplifications or deletions in critical genes and oncogenic pathways that can be detected and may be prognostic in MCL and other forms of advanced SM [40] [41] [42] .
BM histology and immunophenotyping
A thorough histological and immunohistochemical evaluation of the BM remains an important step toward the diagnosis of SM, including MCL [1] [2] [3] [4] [43] [44] [45] . The histologic hallmark of MCL is the excessive dense and usually mixed (diffuse and focal) infiltration of the BM by immature neoplastic MCs [1] [2] [3] [4] [43] [44] [45] . In some patients, the diffuse component of the MC infiltrate is predominant. However, the major SM criterion will be invariably fulfilled [43] [44] [45] [46] [47] . In contrast, in MML, MCs are loosely scattered and form an interstitial (diffuse) BM infiltration pattern, but typically they do not cluster in larger aggregates or sheets. In other words, the major SM criterion is not fulfilled in MML. A number of markers have been proposed as standard and are to be applied in the immunohistochemical evaluation of the BM in (suspected) MCL and MML. The basic (standard) panel consists of CD34, KIT (CD117), tryptase, CD25, CD30, a megakaryocyte marker such as CD31, CD42 or CD61, a B-cell marker and a T-cell marker [1-4, 38, 43-45, 48] . Other antigens, such as CD2 or chymase, are sometimes also applied. However, these antigens are of little if any value in routine practice. Neoplastic MCs in MCL usually express KIT, low tryptase and low FcεRI, and often also CD25 and CD30, but do not express CD34 (Table 3 ). In MML, MCs also express KIT and tryptase, but usually stain negative for CD25 [35] [36] [37] . Chymase and CD2 are usually not displayed by MCs in MCL and MML. These two antigens may be detected in MCs in patients with ISM and SSM [49, 50] . However, both markers are weakly expressed and therefore are not recommended for grading in daily practice. With regard to CD30, the difficulty is that MCs in ISM may also express some (low) amounts of the antigen, and that in a few patients with MCL, MCs stain negative for CD30 [19, 21] . Some markers, including CD52, HLA-DR and CD123, may also be Immunophenotyping should be carried out by both flow cytometry and immunohistochemistry. Valuable markers for basophil-detection and enumeration include CD123 and CD203c (flow cytometry) as well as BB1 and 2D7 (immunohistochemistry). MCs, mast cells; SM, systemic mastocytosis; BM, bone marrow; PB, peripheral blood; PDGFR, platelet-derived growth factor receptor. the BM smear: recommended standards and caveats
Major pre-analytical pitfalls include a 'dry tap' ( punctio sicca), a major 'contamination' of the aspirate sample with peripheral blood cells and a suboptimal quality of the smear. With regard to aspiration, it is sometimes difficult to perform a marrow-rich aspirate in advanced SM because of BM fibrosis or densely packed cells (high infiltration grade). Therefore, the consensus group recommends that for all patients with (suspected) advanced SM, a touch-preparation is to be carried out from the BM biopsy material. Even if a smear is prepared, the 'touchprep-slides' should also be sent to all involved diagnostic laboratories. In the case of a major blood contamination, which is usually seen immediately on the smears (none to few BM particles on the slides), a second aspiration from a different location and with a new needle is recommended. The smears should always be checked to guarantee optimal quality after aspiration and should then be air-dried before being processed and stained. It is mandatory that the staff of each involved laboratory, including the flow cytometry-team and the pathologist, receives unstained good-quality BM aspirate smears (at least two slides) together with the BM sample(s) that should be processed and analyzed. In some cases, a second BM biopsy or/ and aspirate may be required.
morphologically identifiable stages of MC differentiation/maturation
A morphologic classification of neoplastic MCs has been published and is a generally accepted standard of evaluation of BM smears in SM [5] . The classification is based on distinct stages of maturation of normal MCs and corresponding morphological stages of MC maturation detectable in BM smears in SM [5] . Based on these morphologies, the following subtypes of MCs have been defined: (i) typical mature tissue MCs with a round central nucleus, (ii) atypical MCs type I, (iii) atypical MCs type II and (iv) metachromatically granulated blast cells (metachromatic blasts) ( Figure 1 ). Morphologic criteria defining the various types of MCs are depicted in Table 4 . It is important that these criteria are applied in all patients using a 'goodquality BM smear' in order to grade MC populations correctly [5, 38] . In addition, it is important to define the numbers of MCs in BM smears accurately. A total of at least 200-400 nucleated cells should be counted as the basis of enumeration and grading of MCs in BM smears, and such enumeration should be carried out in areas in which no packed cells or BM particles are observed [38] . clinical significance of cytological staging and grading
In most patients with MCL, MCs are rather immature. These cells often represent metachromatic blasts or atypical MCs type II ( promastocytes) ( Table 4) . However, there are a few patients with MCL, in whom most MCs represent more mature cells (Figure 2 ). A number of previous studies have shown that the percentage of MCs in BM smears recorded in SM is of prognostic significance [5] . In MCL, MCs comprise at least 20% of all nucleated cells on BM smears. However, even an increase to ≥5% may be prognostically unfavorable compared with patients with <5% MCs in BM smears. These patients (5%-19% MC) are usually suffering from ASM with rapid progression, and several of these patients may progress to overt MCL within a relatively short time (usually within several months). Therefore, the consensus group judged it appropriate to propose defining these patients (5%-19% MCs in BM smears) as a separate category of ASM, namely ASM in transformation (ASM-t). Another important aspect is the morphology of MCs and their immunophenotype. As mentioned, MCs in patients with MCL may be more mature or more immature cells. Since the morphology of MCs in SM has been considered to be of prognostic significance in SM patients [5] , the consensus group was not surprised to learn that a more mature morphology of MCs in MCL (>90% mature MCs) is a more favorable prognostic sign. Indeed, a few patients with MCL present with mostly mature MCs, and particularly these patients may have a less aggressive clinical course, sometimes even without C-Findings, compared with the majority of MCL patients with a high-grade MC morphology. Figure 2 shows examples for high-and low-grade morphologies in MCL. These cells may either be round cells or predominantly spindle-shaped MCs. An interesting observation is that some of the patients with the so-called well-differentiated type of SM (WDSM) may progress to MCL with a mature MC morphology (round MCs) and a less aggressive clinical course ( Figure 2 ). It is also noteworthy that rapidly progressing MCL usually shows a high proliferation rate (>50% Ki-67-positive MCs), whereas slowly progressing (chronic) MCL shows a low proliferation rate of MCs (<10% of MCs are Ki-67-positive). Finally, it is important to note that the phenotype of neoplastic MCs in MCL and the stage of maturation can be determined by flow cytometry (Figure 3 ). In patients with acute MCL, at least subsets of MCs appear to be very immature. However, even in these cases as well as in MML, neoplastic MCs lack CD34 [33] [34] [35] .
proposed categories of MCL Based on WHO criteria [1] [2] [3] [4] [5] , MCL is divided into a leukemic variant (circulating MCs ≥10%) and an aleukemic variant of MCL (circulating MCs <10%). In both categories, the outcome is poor. During the past few years, additional information concerning the biology of MCL has been discussed at expert meetings. One important concept is that MCL may develop as either a de novo disease or as a secondary leukemia following ASM or MC sarcoma. Based on these observations, we believe it justified to separate a primary (de novo) variant of MCL from secondary MCL (Table 5) . Finally, as mentioned above, in a few cases of MCL, the course of the disease may be less aggressive and more chronic even if circulating MCs are detectable. These cases may later progress and the overall outcome may be limited. However, the overall prognosis may still be better than in the acute variant of MCL, especially when no C-Findings are detectable. We therefore propose to differentiate between chronic MCL without C-Findings and acute MCL with C-Findings (Table 5 ). In the final diagnosis, one, two or all three defining features should be considered, depending on available information and the clinical situation and laboratory findings. Likewise, a patient could suffer from secondary acute aleukemic MCL or from primary chronic MCL.
proposed variants of MML
As mentioned above, MML has to be separated from any type of SM, including MCL. Rather, in patients with MML, another Figure 2 ) and chronic MCL (lower panels; case shown in the lower right panel of Figure 2 ). Expression of cell surface antigens on KIT+ (CD117+) mast cells (events colored blue, green and red) was determined by monoclonal antibodies and multicolor flow cytometry. Mast cells in MCL typically express KIT and lack CD34 (left panels). Mast cells usually also express tryptase and CD203c. However, mast cells in MCL express only low levels of (or no detectable) high-affinity IgE receptors (FcεRI) and only low levels of CD2, whereas CD25 is often expressed on mast cells in MCL. 
imminent prephases of MCL and MML: definition and proposed terminology
The group also discussed potential imminent prephases of MCL and MML. In the case of MCL, it is important to note that the prognosis clearly correlates with the numbers of atypical immature MCs recorded in BM smears, even when MCs comprise <20%. Although this correlation was described in 2001 [5] , the related conditions have not been addressed by any nomenclature to date. The prognosis may be particularly poor if the percentage of MCs in the BM smear increases to 5% or more of all nucleated BM cells. In many of these cases, ASM may progress to overt MCL within a relatively short time (months). To address this important point, the group considered to define this special situation and to introduce the term 'ASM in transformation' (ASM-t) for these patients. In other words, the condition ASM-t is defined by SM criteria, C-Findings and a MC percentage of 5%-19% of all nucleated cells in BM smears. In MML, the situation is similar, but the prognostic implications of an increased MC percentage in the range of 5%-9% have not been established in the same way as for ASM-t, although the condition has been described [53, 54] . After a thorough discussion through several meetings, the group concluded that it is too early to define this condition using a special term, such as myelomastocytosis (MM) or 'myelomastocytic' transformation. For the moment, the condition should thus be described as a secondary clonal increase in immature atypical MCs (metachromatic cells) neither meeting the criteria of SM/ MCL nor criteria of MML. Finally, several differential diagnoses have to be considered in patients with apparently unclassifiable myeloid neoplasm and an increase in immature metachromatic cells [46, 53, 55] (Table 2) .
follow-up and associated parameters
In an early phase of diagnosis, it is essential to monitor several disease-specific parameters, especially if the diagnosis is in question or a ( potential) prephase of MCL (ASM-t) or MML has been diagnosed. In these patients, it is important to record the serum tryptase level and the blood counts (in close time intervals) in order to recognize transformation into MCL and to delineate between more chronic and acute disease variants. The standard assay for measurement of tryptase has a maximum value of 200 ng/ml. However, patients with MCL usually show levels well above this maximum value. Therefore, careful dilution of serum samples may be necessary for accurate measurement of tryptase levels. A rapid increase in MCs in the BM or blood; and rapid increase in serum tryptase (e.g. by 100 ng/ml within a few weeks) are indicative of acute MCL. Progression or occurrence of one or more C-Finding(s) is also indicative of acute MCL. Treatment response criteria are available [11, 38, 56] and work for MCL, and similar criteria can also be applied for MML, although the value of these criteria in MML has not been formally proven yet. The serum tryptase level remains a key follow-up and treatment-response parameter in MCL. Other useful parameters in MCL may be alkaline phosphatase (if initially elevated), eosinophil counts and MC numbers in the blood and BM.
conclusions and future perspectives
Because of the rarity and complexity of the disease, immaturity of clonal cells, and absence of skin involvement, the diagnosis of MCL and MML is a challenge in clinical hematology. Although criteria for MCL and MML are available, several questions remain concerning subvariants, criteria, the diagnostic interface, prephases of disease and the differential diagnoses. To address these questions, the EU/US consensus group and the ECNM have initiated a discussion-forum in which updated recommendations, refined criteria and classification proposals have been developed. The resulting refinements and updated classification should facilitate diagnostic studies and help in reaching a correct final diagnosis in patients with these disorders. For the future, we hope that the WHO will consider these proposals and implement these refinements in the updated classification of hematopoietic malignancies. 
